Abstract ---Indentation is commonly used to determine the mechanical properties of 1 different kinds of biological tissues and engineering materials. With the force-2 deformation data obtained from an indentation test, the Young's modulus of the tissue 3 can be calculated using a linear elastic indentation model with a known Poisson's 4 ratio. A novel method for simultaneous estimation of the Young's modulus and the 5
INTRODUCTION 2
Indentation has been commonly used to study the mechanical properties of 3 different kinds of engineering materials and biological soft tissues in the past decades 4 [1, 2] . A typical example is for the assessment of articular cartilage. The indentation 5 on articular cartilage can be performed in-vitro [3] [4] [5] [6] [7] , or in-vivo via arthroscopy [8] [9] [10] . 6
Hayes et. al. (1972) reported a rigorous mathematical solution for the indentation of a 7 thin elastic layer bonded on a rigid half-space which is similar to the cartilage-bone 8 structure [11] . The tissue was assumed to be linear elastic, homogenous and isotropic 9
and only an infinitesimal deformation was considered. The Young's modulus of tissue 10 can be obtained by the following equation using a flat ended cylindrical indentor: 11 where E is Young's modulus, P is indentation force, v is Poisson's ratio, w is 15 deformation, a is indentor radius, h is tissue thickness, and κ is a scaling factor, 16 which depends on different aspect ratios a/h and Poisson's ratios v. In their study, 17 they calculated the value of κ using numerical solution for 0. 3≤ v ≤0.5. Jurvelin (1991) 18 further estimated the values of κ for which v is smaller than 0.3 [12] . Zhang et. al.
19
(1997) reported a new table of κ by using nonlinear finite element (FE) analysis to 20 include the effects of finite deformations [13] . It was found that κ increased almost 21 linearly with the indentation depth, i.e. tissue deformation. Their result obtained under 22 the infinitesimal deformation was comparable with that reported by Hayes. 23 24 Both indentor radius a and tissue thickness h can be obtained in advance 1 before an indentation test, in which h can be measured directly or evaluated from 2 needle punch [14] , optical or ultrasound methods [15, 16] for articular cartilage. The 3 instantaneous Poisson's ratio was generally assumed to be a constant value varied 4 from 0.45-0.5 in previous studies [1] for soft tissues. κ can be estimated based on the 5 table reported by Hayes or Zhang. During the indentation test, both indentation force 6 P and tissue deformation w in Eq. (1) can be determined with various methods. P can 7 be obtained from strain gauges [16] and fiber optic sensor [17] , while w can be 8 measured by a displacement transducer, such as linearly variable differential 9 transformer (LVDT) [18] , spatial sensors [19] or ultrasonic methods [8, 9, 16, 20] . 10
Consequently, the Young's modulus E can be evaluated by using Eq. (1) associated 11 with the force-deformation data obtained from the indentation. However, the 12 estimation error of Young's modulus may be greatly increased due to the incorrect 13 assumption of the Poisson's ratio in Eq. (1). 14 15 The Poisson's ratio of articular cartilage has been measured by optical and 16 mechanical methods [21] . In the optical measurements, an axial load was applied and 17 the strain in the lateral direction was then measured using microscope in order to 18 calculate the Poisson's ratio. On the other hand, confined and unconfined 19 compressions were conducted by the mechanical method to determine the aggregate 20 modulus H a and Young's modulus E, respectively. The Poisson's ratio was calculated 21 using the following equation, 22
24
These two methods can be used to determine the corresponding Poisson's ratio of the 1 tissues effectively. However, both methods can only work in-vitro but not in-vivo, as 2 the soft tissue has to be excised. A number of studies have been reported to use 3 ultrasound elastography, i.e. imaging tissue strains using ultrasound, to estimate 4
Poisson's ratio [22] [23] [24] [25] . The basic principle is to use ultrasound imaging to obtain the 5 strains of a local tissue in two directions of the imaging plane under a static loading. to measure Poisson's ratio [28] . During the indentation, the displacements and forces 6 in three dimensions were measured. Jennett et al. (2003) reported to method to 7 estimate Poisson's ratio by combining nano-indentation with surface acoustic wave 8 measurement [29] . Huber and coworkers [30, 31] proposed to use a single spherical 9 indentation together with artificial neural networks to estimate Poisson's ratio of a 10 thin layer of material. Ling et al. (2007) proposed a method to extract Poisson's ratio 11 from cylindrical indentation data using genetic algorithms [32] . Although the use of 12 neural networks and genetic algorithms, which requires training and parameter 13 adjustment for different setups and are both time consuming, make the procedure be 14 complicated, these studies demonstrated the feasibility of using the force- Poisson's ratio v, but also deformation ratio w/h. Moreover, it was revealed that n κ 8 linearly depends on the deformation w, and the correlation coefficients r are larger 9 than 0.995, indicating a very good linearity. Therefore, n κ can be written as 
is the y-intercept of the linear relationship between P/w and w/h. The slope of this 3 linear relationship is β c . 4
5
From an indentation test, we can obtain pairs of P and w, as well as the original tissue 6 thickness h, using ultrasound techniques [9, 16, 20] or other methods. Therefore, y-7 intercept c and slope β c in Eq. (7) can be easily calculated from the indentation data 8 using a linear regression for P/w and w/h, then β can be obtained. Since the aspect 9 ratio a/h is known for a specific indentation test, v is the only unknown. By the 10 interpolation using β data and a/h from the β ratio. The simulated force-deformation data was then used to calculate the Young's 20 modulus and Poisson's ratio, which were compared with the assigned Young's 21 modulus and Poisson's ratio for the FE models. In this case, those assigned Young's 22 modulus and Poisson's ratio were set to be 60 kPa and 0.45 respectively. In 23 consistence with our previous ultrasound indentation test, the radius of the indentorwas set to be 4.5 mm in the simulation [16] . Several FE models were built with 1 different dimensions to simulate different aspect ratio a/h (0.6, 0.8, 1, 1.5 and 2). Poisson's ratio (v=0.1 ~ 0.5) for different aspect ratios (a/h=0.2 ~ 2.0) ( Table 3 ). The 21 nonlinear but monotonic relationships between the deformation-dependent indentation 22 stiffness and the Poisson's ratio for different aspect ratio can be better illustrated using 23 a figure (Fig. 1) . For a specific value of β , there will be only one corresponding 24 Poisson's ratio for a selected aspect ratio.
1
It was found that a quadratic function could fit the force-deformation data 2 obtained from the indentations with different aspect ratios (a/h) and Poisson's ratios 3 (v), with the correlation coefficient r close to 1 (Fig. 1 ). Fig. 2 shows the typical force 4 -deformation curve, which is slightly nonlinear and can be fitted by a quadratic 5 function. The corresponding relationship between the indentation stiffness (P/w) and 6 the deformation ratio (w/h) could be represented using linear regressions for different 7 deformation ratios including 1%, 2.5%, 5% and 10% (for the case with a/h= 2), with 8 the correlation coefficient r close to 1 (Fig. 3) . According to Eq. (7), we can obtain β 9 and c from the cases with different deformations for each aspect ratio (a/h). The 10
Poisson's ratio for each case can be obtained by looking up Table 3 or Fig. 1 and  11 applying linear interpolation. 12
13
In comparison with the actual value, the percentage errors of the calculated 14
Poisson's ratio are between -1.7% to -8.2% when the aspect ratio is between 0.6 and 15 2 ( Table 4 ). The percentage error of the Poisson's ratio is limited within -3.2% when 16 the aspect ratio (a/h) is between 1 and 2. For the Young's modulus, the percentage 17 errors of the calculated values are between +3.0% to +7.2% when the aspect ratio is 18 between 1 and 2. 19
20
The error for the calculation of Young's modulus increased if the Poisson's 21 ratio was assumed to be more different (v= 0.3, 0.35, 0.4 and 0.5) from its actual value 22 (0.45) for the case of aspect ratio (a/h) = 1 ( In this paper, we reported a new method to determine the modulus and the 5
Poisson's ratio simultaneously using a single indentation based on our finding that the 6 scaling factor n κ in Hayes' indentation solution [11] linearly depends on the 7 deformation w. We extracted the relationship between the Poisson's ratio v and the 8 deformation-dependent indentation stiffness using the previously published data [13] . 9
Since the deformation-dependent indentation stiffness can also be obtained from the 10 force-deformation data of an indentation test, the Poisson's ratio can then be 11 calculated. Using the data of FE simulation for indentation, we have successfully 12 demonstrated the feasibility of this new method. In the current study, the material was 13 assumed linearly elastic, homogeneous, and isotropic. 14 15
The percentage errors of the estimated Poisson's ratio were within ±3.2% in 16 comparison with the assigned values in FE simulation when the aspect ratio a/h 17 ranged from 1 to 2. The corresponding percentage errors of the estimated Young's 18 modulus ranged from +3.0% to +7.2%. The errors were rather stable when different 19 deformations (1% to 10%) were used for the estimation. The robustness of the 20 estimation could be further improved by averaging the parameters calculated using 21 different deformation levels (last 4 rows in Table 4 ). This averaging approach could 22 be particularly useful when the proposed method is applied for the real indentation 23 data, as various noises may exist in the experimental force or deformation data. For 24 the simulated cases with the aspect ratio (a/h) smaller than 1, the errors for theestimation of Poisson's ratio and Young's modulus were larger. For the cases that 1 calculated in this study, the maximum estimation errors were -8.2% for the Poisson's 2 ratio and 9.1% for the Young's modulus when the aspect ratio was 0.6 and the 3 deformation was 10%. Since both the aspect ratio and the maximum deformation of 4 an indentation can be controlled by the operator, the optimized indentation parameters 5 can be used in real tests so as to reduce the estimation errors. The estimated errors 6 observed in this study could be due to the computation errors in the FE simulation for 7 indentation or the errors of κ reported in the previous study [13] , which was also 8 calculated using FE simulation. As demonstrated in Table 1 , the maximum simulation 9 error for the scaling factor is 3.3% under the condition of an infinitesimal deformation. 10
This error is similar to the error of the Poisson's ratio estimation, which is 3.2% (a/h= 11 1 ~ 2). Therefore, to further improve the estimation accuracy, the scaling factor n κ 12 for different Poisson's ratio, aspect ratio, and deformation should be calculated more 13 precisely using finite element or numerical analyses. The above elaboration is based on the assumption of a linearly elastic material, 2 and the material stiffening observed during indentation tests come from the effect of 3 non-zero Poisson's ratio under this condition. However, the material stiffening can 4 also come from the nonlinearity of the material being tested. Earlier studies using 5 spherical indentors have confirmed that applying the secondary displacement sensors 6 to quantify the Poisson's ratio [33] and artificial neural networks to extract Poisson' 7 ratio from indentation data [21] could be used for materials with both linear and 8 nonlinear mechanical properties. In this study, we assumed that the material remains 9 linear for all the indentation deformations (up to 10%). For real biological tissues, the 10 nonlinearity of the material properties should also be considered [34, 35] . Since the 11 nonlinearity of the force-deformation data could be affected by both the material 12 properties and the indentation, it would become more challenge to use the proposed 13 technique. Further studies should be followed to investigate whether the method 14 proposed in the current study can still be used for materials with nonlinear constitutive 15 equations. Furthermore, the viscoelasticity of tissues under indentation tests has been 16 previously analyzed using quasilinear viscoelastic model (QLV) [35, 36] , where the 17 Poisson's ratio was assumed. Further investigations are necessary to include this new 18 method into QLV indentation analysis so as to extract Poisson's ratio simultaneously 19 with other QLV parameters. In the real situation, particularly in the case of biological 20 tissues, the substrate underlying the tissue may not be to totally flat [37] . Therefore 21 the sensitivity of the estimation of Poisson's ratio on the curvature of the tissue 22 substrate using the proposed method needs to be further studied as well. It should also 23 be investigated in future studies how the inhomogeneity and anisotropy of tissues 24 affect the performance of the method introduced in this study. 25 1
CONCLUSIONS 2
The results from the FE simulation showed that the proposed method is 3 feasible to determine the Young's modulus and Poisson's ratio simultaneously using 4 the force-deformation data obtained from a single cylindrical indentation in a linearly 5 elastic, homogeneous, isotropic material. . According to the results of this study, the 6 optimized aspect ratio for indentation is between 1 and 2. Therefore, the new method 7 may be particularly useful to determine the parameters needed to characterize tissues 8 which are thin enough such as articular cartilage. We can use a larger indentor when 9 the tissue is relatively thick in order to keep the aspect ratio larger than 1. The use of a 10 simple table searching method in the calculation of Poisson's ratio make it much 11 faster in comparison with previous methods using artificial neural networks or genetic 12 algorithms [30, 32] . Further experiments on tissue phantoms and biological tissues in-13 vitro and in-vivo will be performed to demonstrate the feasibility of this new method 14 for the real indentation data. Table 1 . Comparison of the scaling factor (κ) values obtained by the FE model used in the current study, which was established based on that 1 reported by Zhang et al. (1997) , and the numerical analyses (Hayes et al., 1972; Jurvelin 1991) (P/w) and deformation ratio (w/h) extracted from the indentation data shown in Figure  13 2. The assigned parameters for the FE simulation were (a/h) = 2, (E) = 60kPa, and (v) 14 = 0.45. Linear regressions were performed for the data with different deformation 15 ratios (w/h). We used the case with 10% deformation as an example, and the y-16 intercepts ( c ) and the slope ( β c ) were 4.38 and 5.46 respectively, so the obtained 17 factor β was 1.25, which was used as an example to estimate the Poisson's in Figure   18 
